Abstract. Prevention of dementia due to Alzheimer's disease (d/AD) requires interventions that slow the disease process prior to symptom onset. To develop such interventions, one needs metrics that assess pre-symptomatic disease progression. Familiar measures of progression include cerebrospinal fluid (CSF) biochemical and imaging analyses, as well as cognitive testing. Changes in the latter can sometimes be difficult to distinguish from effects of "normal" aging. A different approach involves testing of "central auditory processing" (CAP), which enables comprehension of auditory stimuli amidst a distracting background (e.g., conversation in a noisy bar or restaurant). Such comprehension is often impaired in d/AD. Similarly, effortful or diminished auditory comprehension is sometimes reported by cognitively healthy elders, raising the possibility that CAP deficit may be a marker of pre-symptomatic AD. In 187 cognitively and physically healthy members of the aging, AD family history-positive PREVENT-AD cohort, we therefore evaluated whether CAP deficits were associated with known markers of AD neurodegeneration. Such markers included CSF tau concentrations and magnetic resonance imaging volumetric and cortical thickness measures in key AD-related regions. Adjusting for age, sex, education, pure-tone hearing, and APOE 4 status, we observed a persistent relationship between CAP scores and CSF tau levels, entorhinal and hippocampal cortex volumes, cortical thickness, and deficits in cognition (Repeatable Battery for Assessment of Neuropsychological Status total score, and several of its index scales). These cross-sectional observations suggest that CAP may serve as a novel metric for pre-symptomatic AD pathogenesis. They are therefore being followed up longitudinally with larger samples.
INTRODUCTION
The repeated failure to identify successful treatments for dementia due to Alzheimer's disease (d/AD) suggests that dementia symptoms signify * Correspondence to: John Breitner massive damage to the brain [1] . By contrast, a decades-long process of pre-symptomatic brain changes [2] affords a window of opportunity for preventive interventions [3] . The pre-symptomatic stages of AD can cause subtle changes in cognition [4] , but these are mostly silent or indistinguishable from normal age-related cognitive decline [5] . To assess real-time effects of potential AD preventives, one therefore needs other measures of their effects.
MATERIALS AND METHODS

Participants
We studied 187 members of the PREVENT-AD cohort, a high-risk group of aging cognitively intact persons (the range of scores on the Montreal Cognitive Assessment was from [23] [24] [25] [26] [27] [28] [29] [30] . Screening and eligibility for this cohort have been described elsewhere [40] . Briefly, participants were 60 or more years old and cognitively and physically healthy, but had a parent or multiple siblings affected by AD-like dementia. Persons aged 55-59 were also eligible if their parents' or siblings' onset of symptoms occurred at an age ≤15 years beyond their own present age. The relatives' history of illness was revealed by careful family history review with reference to health records when available. When relatives' diagnoses of dementia had been made by physicians without training in dementia assessment, they were reviewed using an informant questionnaire that established gradual onset and relatively smooth progression of symptoms, with no other obvious explanation [41] . As part of the nested randomized placebocontrolled INTREPAD pharmaco-prevention trial, a proportion of PREVENT-AD participants had also agreed to undergo serial lumbar punctures, analysis of which provided important information for this study.
Auditory test battery
Participating INTREPAD and remaining PREVENT-AD participants underwent a battery of four auditory tasks. A Madsen Itera audiometer was used to control the frequency and level of stimuli. Attached to the audiometer were TDH-39 headphones through which the participant heard each stimulus, presented via an iPod Touch device.
General hearing screening
Participants underwent a hearing screening test. They heard a series of pure tones presented at a hearing level (HL) of 20 decibels (dB) to each ear separately. Tones at frequencies of 500 Hz (lowfrequency), 1000 Hz (mid-frequency), and 4000 Hz (high frequency) were presented [42, 43] up to three times. Over these trials, participants were required successfully to indicate perception of all three tones. For participants having previously diagnosed or subjective difficulty with one ear, the better ear was tested first. Otherwise, the right ear was tested first.
Sentence identification in quiet
Testing of auditory abilities relied on tests that employed ten "pseudo-sentences" read aloud in a prescribed manner [44] . The nonsensical pseudosentences were used as relatively "pure" stimuli intended to avoid the influence of abilities in language comprehension and semantic interpretation. Instead, the stimuli were constructed using conditional probabilities of word sequences wherein each new word in the "sentence" was conditioned upon it's typical co-occurrence with the two preceding words. The ten "sentences" were also matched for vocabulary and word familiarity, word length, "sentence" length, and syntactical structure [44] .
In each ear, we determined a comfortable loudness level at which participants could identify the sentences in quiet (five to each ear).
Sound levels were adjusted using 5 dB increments over the sequence of sentences until we determined a comfortable level, which was then incorporated into the next two tasks. "Sentence" recognition itself was evidenced by the participant's identification of a "sentence" number indicated on a reference card.
Synthetic Sentence with Ipsilateral Competing Message (SSI-ICM)
This test involves identifying the ten pseudosentences heard over a competing narrative story [44] . The SSI-ICM is regarded as a test of auditory "closure," i.e., the ability to fill in the missing components of words in the presence of background noise [45] . Because 90% of participants were francophones, we used the Canadian French version of the task developed by Normandin and Lynch [46] . A female voice speaks the "sentences." The same speaker tells a continuous background story as the competing message. Both the sentence and the narrative are presented to the same (ipsilateral) ear.
The relative level of the SSI sentences and the competing message (message-to-competition ratio, MCR) can be varied from +10 dB (sentences 10 dB louder than story) to -10 dB MCR (sentences 10 dB down relative to story). The -10 dB condition increases the task difficulty, while the +10 dB MCR provides "control" on task comprehension. We chose the -10 dB condition as the standard SSI-ICM condition for testing, and also used the worse ear score (the lesser score in the right versus left ear) as per Gates, Anderson et al. [32] .
Dichotic Sentence Identification (DSI)
The DSI tests dichotic listening by presenting two different pseudo-sentences simultaneously to the two ears. This test assesses abilities in binaural integration, i.e., ability to integrate stimuli heard from both ears at once [47] . Using the same "sentences" as the SSI-ICM, the participant is now asked to identify both presented stimuli from the printed list of ten pseudo-sentences. There is no request to identify the ears in which the "sentences" were heard (i.e., "free report mode" per [48] ). We again used a Canadian French adaptation as established by Normandin and Lynch [46] .
The principal DSI metric was the "worse ear score" (WES, the lesser score in the right versus left ear), but we also measured the right ear advantage (REA, i.e., right minus left ear score).
Genetic testing
DNA extraction, PCR amplification and genotyping of APOE from blood samples was obtained as previously described [49] . DNA extraction from buffy coat samples was performed using the QiaSymphony DNA mini kit (Qiagen, Toronto, ON, Canada). APOE genotyping was determined via PyroMark Q96 pyrosequencer (Qiagen, Toronto, ON, Canada). RT-PCR with the following primers was used for DNA amplification: forward primers 5'-ACGGCTGTCCAAGGAGCTG-3' (rs429358) and 5'-CTCCGCGATGCCGATGAC-3' (rs7412), and reverse biotinylated primers 5'-CACCTCGCCGCGGTACTG-3' (rs429358) and 5'-CCCCGGCCTGGTACACTG-3' (rs7412). The following primers were used for DNA sequencing: 5'-CGGACATGGAGGACG-3' (rs429358) and 5'-CGATGACCTGCAGAAG-3' (rs7412).
Cognition
All participants in both the INTREPAD trial and the remaining cohort underwent cognitive testing using a Canadian French translation of the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) [50] . The RBANS is a brief (30-min) , test that is used commonly for the assessment of cognitive abilities in persons who are normal and at risk, or who have mild disability. The battery yields five Index Scores and a Total Scale score, each ranging from 40-160 points (participants in the present study ranging from 79-139). Other assessments included a health history and review of systems, as well as a neurological examination.
Cerebrospinal fluid (CSF)
Lumbar puncture was performed after participants had fasted overnight. A neurologist (P. R-N.) inserted a sterile 24 gauge Sprotte atraumatic spinal needle in the L4-L5 interspace to withdraw 29 ml of CSF (yielding clinical lab samples and 25 0.5 ml aliquots). The latter were quick-frozen on dry ice and stored thereafter at -80
• C. CSF proteins were analyzed via ELISA using the Innogenetics Innotest kits for A␤ 42 , total-tau, and P-tau.
Magnetic resonance imaging (MRI)
All imaging was performed at the Cerebral Imaging Centre at the Douglas Mental Health University Institute. Structural MRI was performed on a 3T Siemens Trio scanner lying supine while wearing a standard 12-channel head coil. Whole brain cortical thickness data were analyzed via Matlab using CIVET 1.12 [51] and Random Field Theory (RFT), with a threshold of p < 0.1. SurfStat was used to correct for multiple comparisons. MRI volumetric analysis for the hippocampi and entorhinal cortices was performed using template segmentation of Collins and Pruessner [52] .
Statistical analyses
Conventional software (MATLAB and SPSS) was used for data analysis, identifying as dependent variables the three CAP scores SSI-ICM, DSI-WES, and DSI-REA. Because the first two did not follow a normal distribution, we used a normalization technique described by Templeton and colleagues, which percentile ranks each score and then applies an inverse-normal transformation to create a distribution of z-scores [53] . We used robust-fit linear regression, to assess relationships between CAP scores and age, education, cognitive scores, CSF biomarkers, and structural MRI markers.
Ethics
This study received ethics approval from the Research Ethics Board of the Douglas Mental Health University Research Centre. Participants provided informed consent for all described procedures, which were conducted within guidelines of the Declaration of Helsinki, 1975.
RESULTS
Sample characteristics
Data were analyzed from 177 eligible participants who performed both the SSI-ICM and the DSI, as well as an additional ten participants who completed only the DSI (typically because of time constraints). Importantly, there was no multicollinearity between independent variables in these models. Table 1 provides demographic and related characteristics for this sample. Participants were younger than is common for studies of aging cohorts [54, 55] and were well educated. Females predominated and, predictably in a family history-positive cohort, there was notable enrichment (37.4%) in persons with at least one APOE 4 allele. Also, predictably in a sample of this age [56] , two thirds of participants failed the tone hearing screening test. Average scores for both the SSI-ICM and DSI-WES were minimally, if at all, diminished compared to previously reported values [32, 57] . As is common, the DSI showed better performance in the right ear than in the left ear, with mean scores higher by 1.26. The DSI-WES and DSI-REA were not collinear, having a tolerance of 0.4. Table 2 shows results of robust-fit linear regression models. Both SSI-ICM and DSI-WES declined with age despite adjustment for other covariates, and the DSI-REA increased with age. Women generally performed better on both tests. All three CAP scores were associated with education, but (perhaps Cognition Table 3 depicts relationships, after adjustment for covariates, between CAP scores and total RBANS as well as Index scores. All CAP scores were associated with RBANS TOTAL . Similarly, the DSI-WES and REA scores were associated with all RBANS Index scores significantly or at trend level, except that the REA was not related to the Visuospatial-Constructive Index score. The SSI-ICM related to the Attention Index score. Table 4 shows the relationship of CAP scores and CSF biomarkers of AD after controlling for covariates. Increased DSI-REA was associated with increased concentrations of total-tau (p = 0.035) and P-tau (p = 0.041). DSI-WES also related to total-tau and P-tau at a trend level (former p = 0.073, latter p = 0.109), but SSI-ICM showed no such association in fully adjusted models. A tolerance score of 0.1 suggested that the total-tau and P-tau measures were collinear, suggesting that either measure might be used. CSF A␤ 42 did not predict any CAP score.
Relation of scores to tone test, age, gender, education, and APOE 4 status
Cerebrospinal fluid AD biomarkers
To further explore the above findings, we analyzed whether participants with lower cognitive scores (i.e., farther along in the pre-symptomatic AD disease process) had greater association between CAP scores and CSF AD biomarkers. After performing a median split on the RBANS data we analyzed the relation in the "low" cognitive scoring group of CAP tests with CSF AD biomarkers. Among the 33 lowerperforming individuals, the DSI-REA related to total-tau and P-tau more robustly (former p = 0.0059, latter p = 0.0044) as well as total-tau/A␤ 42 ratio (p = 0.0090) and P-tau/A␤ 42 ratio (p = 0.0079). Table 3 shows results from robust-fit linear regression models of five RBANS index subscores as well as RBANS TOTAL score with adjustment for age, education, gender, APOE 4 status, and tone test performance. Statistically significant terms are shown in bold. DSI-WES score was predicted significantly by all RBANS index scores, while DSI-REA showed significant or trend-level relationships to all scores except the visuospatial-construction subscore. The SSI-ICM was related only to the attention subscore. All three tests showed significant association with RBANS TOTAL score. As before, models were adjusted for age, education, gender, APOE 4 status, and tone test performance. DSI-REA was predicted significantly by total-tau and P-tau levels and showed trends toward association with the ratios of total-tau or P-tau to A␤ 42 . DSI-WES showed a suggestive relationship to several biomarkers, with the notable exception of A␤ 42 , which appeared unrelated to any CAP test score.
DSI-WES also related to total-tau (p = 0.024) and P-tau (p = 0.029), as well as to the totaltau/A␤ 42 ratio (p = 0.054) and the P-tau/A␤ 42 ratio (p = 0.053).
Structural MRI Hippocampal and entorhinal cortical volumes
As indicated by Table 5 , the degree of REA on the DSI related significantly to left entorhinal volume, and similar trends were evident in adjusted models for right entorhinal and left hippocampal volumes. Larger REA (more positive value) predicted smaller volumes of these structures, but no such relationships were apparent with SSI-ICM score or the DSI-WES.
Cortical thickness
After adjustment for all covariates, cortical thickness analysis revealed a relationship between decreased SSI-ICM performance and atrophy in right Heschl's gyrus at the peak level (see Fig. 1 ). Lower SSI-ICM score also related to thinner right parahippocampal and entorhinal cortices, as well as bilateral precuneus, occipital cortex, left inferior parietal lobule, and inferior and mid temporal gyri (see Fig. 1 ). These areas were all significant as regional clusters.
Greater DSI-REA score (representing loss of function) related to thinning of several cortical regions including the left superior and transverse temporal gyri, bilateral inferior temporal gyri, right anterior temporal pole, precuneus, dorsomedial frontal and inferior frontal gyri (see Fig. 2 ). After adjustment for multiple comparisons using random field theory, all these also appeared as significant clusters. However, DSI-WES was unrelated to any cortical thickness measure.
DISCUSSION
We investigated two tests of central auditory processing (CAP) as possible indicators of presymptomatic AD progression in older persons at elevated risk. The SSI-SCM and the DSI are believed to test different auditory abilities. In particular, the right ear advantage (REA) measure on the DSI relies on interhemispheric communication and integrity [37] . Correlations were found between DSI-REA or the other two test scores and age, sex, or education. Adjusting for these covariates, relationships persisted between CAP scores and several more familiar domains of cognition, as well as indicators of AD pathology.
The relationships of CAP with age and education were expected [21, 34, [58] [59] [60] . Our finding of better performance on CAP tests by women also confirms results by Jerger and colleagues [61] , but conflict with other accounts [62, 63] . A more even proportion of Table 5 Robust-fit linear regression of several imaging volumetric measures as predictors of three CAP test scores Table 5 shows results of multiple linear regression models as before, with predictor variables now being volume measures for four regions of interest. Hc, hippocampus; EC, entorhinal cortex; L, left; R, right. Models were again adjusted for age, education, gender, APOE 4 status, and tone test performance, but not for multiple comparisons. Among the three CAP tests, only DSI-REA showed suggestive (trend) association with volumetric measures. gender groups could have increased the power of our analyses. More surprising, however, was the tests' lack of association with pure tone sensitivity or APOE 4 status. The former may simply reflect participants' option to select comfortable hearing volumes when tested, but it suggests that, as expected, CAP dysfunction represents more than simple "sensori-neural" hearing loss. Contrary to expectations, CAP performance on the SSI-ICM was, if anything, improved in those with the 4 risk allele. While counterintuitive, this finding resembles cross-sectional results in a similar sample with another sensori-neural modality, odor identification [15] . We are uncertain whether similar findings would apply to other samples. After adjusting for covariates, we observed significant relationships between CAP -especially the DSI-REA -and performance on several tests of cognition, on CSF biomarkers of AD, and on structural MRI modalities. In keeping with earlier work, [64, 65] CAP appeared particularly sensitive to attentional dysfunction as the only cognitive domain related appreciably to score on the SSI-ICM.
We are not aware of earlier reported investigations of CAP testing and CSF biomarkers of AD. In particular, total-tau and P-tau levels (thought typically to represent neurodegeneration) were associated with higher DSI-REA scores (lateralized difference in sentence identification), which has been shown by others to indicate an evolving AD process [27, 38, 66] . P-tau may be an especially specific marker for AD versus other degenerative dementias and psychiatric disorders [67, 68] . By contrast, we found no meaningful association between CAP test scores and CSF concentrations of relevant A␤ 42 species, although such associations had been observed in pre-symptomatic AD with other cognitive tasks [69, 70] . Similarly, the association of CAP scores with CSF total-tau/A␤ 42 and P-tau/A␤ 42 ratios survived adjustment for age, but not for all covariates except in participants whose cognitive scores were in the lower half of the group. Associations of DSI-REA scores with CSF totaltau/A␤ 42 and P-tau/A␤ 42 ratios, present only at a trend level in the full sample, but were significant in lower-performing individuals. In addition, DSI-WES related significantly in this group to CSF total-tau and P-tau as well as total-tau/A␤ 42 and P-tau/A␤ 42 ratios. It appears that deficits in CAP may be more indicative of later stages (involving tau pathology) of pre-symptomatic AD pathogenesis.
DSI-REA scores also correlated with AD-related MRI structural volumetric markers in that higher scores (related decrease of left ear scores) showed trend-level or stronger association with smaller entorhinal cortices and hippocampi. Although these regions are not typically involved in auditory processing, the relationship is thought to be mediated by the underlying AD process reflected in decreased volumes, and impairment in the DSI. This relationship, alongside the CSF tau results, is consistent with reports of tau pathology in these regions early in the AD pathogenic cascade [71] .
Confirming earlier studies [29, 30] , whole brain analyses showed a significant correlation at the peak level between SSI-ICM scores and cortical thickness of the Heschl's gyrus. This area is known as the primary cortex responsible for auditory processing [72] . The SSI-ICM also related to cortical thickness in the inferior parietal lobule. This region subserves sensory integration, including integration of auditory information, and it often shows gross atrophy and neurodegeneration in AD [73] . The finding of a previously unrecognized relationship between SSI-ICM score and the parahippocampal gyrus/entorhinal cortical thickness may be noteworthy, because these areas are also vulnerable to atrophy early in the presymptomatic phases of AD [3] .
The DSI, and especially its REA score, were related as well to cortical thickness in the inferior frontal gyrus and auditory transverse and superior temporal gyri. These three are again involved in language and auditory functions that are commonly deficient in AD, and changes in their thickness have been shown in several studies to predict AD [10, 31, 73, 74] . DSI-REA score also predicted reduced cortical thickness of the middle frontal gyrus, an area responsible for working and episodic memory [75] .
The observed relationship of these tests to occipital lobe cortical thickness was initially unexpected, but known deficits in vision and associated capacities (e.g., visuo-spatial abilities or memory or recognition) are also recognized features of AD [76] . Case reports have even described AD cases that present with a Balint syndrome, e.g., [77] . Both CAP test results also correlated with cortical thickness of the inferior and middle temporal gyri as well as precuneus, areas which are often the first to show gross atrophy in AD [10, 12, 78] . All these areas are recognizable as part of the default mode network [79] , which is characteristically impaired in AD and MCI patients [80] . Volumetric and functional studies of precuneus in particular have been repeatedly shown to associate with CAP test results [30, [81] [82] [83] .
Overall, the findings appear to support a hypothesis proposed by Gates and colleagues [32] that CAP dysfunction may serve as a marker of pre-symptomatic AD. The latter group showed that the strongest relationship between CAP dysfunction and subsequent incidence of AD was revealed by the DSI-WES (hazard ratio 9.9), rather than the SSI-ICM. Different CAP tests seem to reflect different processes, and the more attention-driven SSI-ICM seems to correlate better in cortical thickness while the DSI appears more sensitive as a biomarker of AD because of its relationship not only with many cognitive modalities, but also with pathological, volumetric, and cortical thickness measures. The DSI-REA is thought in particular to test a subject's degree of reliance on the linguistic dominant side [84] revealing (in most individuals) a deficit in callosal interhemispheric connectivity [85, 86] .
We would note that we did not design our studies to test individual hypotheses relating CAP to specific AD-related brain regional changes, functional deficits, or CSF biochemical markers. Such an approach might have necessitated correction for multiple comparisons, with attendant loss in statistical power. Instead our many observations that CAP test results relate to AD-related changes more generally evident across multiple modalities. Therefore, it appears that these simple, non-invasive test methods can identify several attributes of pre-symptomatic AD. While CAP testing should not presently be considered for early detection or prediction in clinical work, our study suggests that they deserve further investigation as indicators of disease progress that may contribute to outcomes in prevention trials [40] . Our group is therefore continuing investigations of the potential utility of CAP testing as a metric for AD progression, specifically with inclusion of longitudinal analyses.
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